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                                                      Chapter 1:   Introduction 
The goal of the project is to develop effective ways and methods to bind the 
pentafluorophenylporphyrin molecules to the titanium dioxide films so that they can be used as 
dyes in dye sensitized solar cells. Solar cells are the devices which convert light energy into 
electrical energy. The dye sensitized solar cells have been interesting a lot of researchers for their 
low-costs and effective conversion of light energy into electrical energy. This type of cell 
consists of an anode made on fluorine doped tin oxide (SnO2) coated glass. A thin film of 
titanium dioxide with a porous structure and high surface area is made on this conductive plate. 
A layer of organic dye is attached to the titanium dioxide film by adsorption from solution. The 
cathode usually is a tin oxide doped glass plate with a light coating of platinum nanoparticles. 
The anode and the cathode are joined together and the space between them is filled with non-
aqueous electrolyte containing the iodide/triiodide redox couple. When this device is exposed to 
sunlight, light passes through the glass plate and SnO2 coating to stimulate the organic dye to 
produce excited electrons. These electrons are transferred from the dye molecules to the TiO2 
layer. These are then collected at the SnO2 conductive surface and out to an external cathode 
surface.  
The mesoporous network of TiO2 nanoparticles plays an important role in the transfer of 
electrons from the dye molecules to the external circuit 
[1]
.
 
The electrons are injected into the 
TiO2 layer and extracted at the other end of the layer where the conductive surface is present. 
The time taken by an electron to complete the process from injection to extraction is called 
transport time. The transport time plays an important role in the efficiency of the cell. The power 
conversion efficiency of the dye-sensitized solar cells is lower than silicon based cells due to the 
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insufficient electron diffusion coefficient in traditional electrodes composed of nanometer-sized 
TiO2 nanoparticles. This is because electron collection is determined by trapping/de-trapping 
events along the site of the electron traps (defects, surface states, grain boundaries, self-trapping) 
[1]
.  
 
 
 
 
 
 
 
1.1 Dyes used in dye-sensitized solar cells 
Sensitizers are the components which absorb the sunlight and they are important in the dye-
sensitized solar cells. Different types of dyes are used as sensitizers in the dye-sensitized solar 
cells. Ruthenium based dyes, organic dyes, porphyrin based dyes are the various classes of dyes 
most commonly used as sensitizers in the dye-sensitized solar cells. Some of the structures of 
dyes used are shown in the figures below. 
 
 
Fig. 01. The operating principle of the dye sensitized solar cells 
[2] 
3 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
The Ruthenium dyes have been used as effective sensitizers from many years. The organic and 
porphyrin dyes have also been interesting the researchers from a long time. For successful 
commercialization the energy conversion efficiency of the dye-sensitized solar cell has to be 
 
Fig. 02. Ruthenium based dye (N-3) 
[3]
 
 
 
               Fig. 03. Organic dye (C203) 
[4]
 
 
Fig. 04. Porphyrin dye (Zinc Tetraarylporphyrin Malonic Acid) [5] 
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further improved 
[6]
. The figure below shows the power conversion efficiencies of different 
classes of dyes.  
 
 
 
 
 
 
 
The polypyridyl ruthenium complexes have efficiencies greater than 11 percent 
[2]
. But the cost, 
rarity and environmental issues of ruthenium complexes make them less usable for practical 
purposes. The use of cheaper and safer sensitizers in the solar cells has been encouraging the 
researchers from a long period of time. A variety of porphyrin based dyes therefore can be tested 
as alternatives for sensitizers in the dye-sensitized solar cells.  
1.2 Porphyrin based dyes 
The naturally occurring organic compound, porphyrin is found in the hemoglobin and plants 
(chlorophyll). It is a rigid, square planar molecule made of four pyrroles connecting to form a 
larger ring. The porphyrin molecules can absorb light at different wavelengths and also have a 
large absorption coefficient in the visible region. Solar energy is collected at chromophores 
which are part of porphyrin molecules in plants. The chromophoresis is the part which is 
 
Fig05. The comparison of power conversion efficiencies of the ruthenium, 
organic and porphyrin dyes from 1990-2012 
[2] 
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responsible for the color of the porphyrin molecule. The porphyrins with various structures have 
been designed and synthesized for the dye sensitized solar cell applications. The number of 
reaction sites and the feasibility of fine tuning of the optical, physical, electrochemical and 
photovoltaic properties of porphyrins is also an advantage of using them as sensitizers 
[2]
. 
 
 
 
 
 
 
 
The porphyrin has 4 meso positions and 8 beta positions which can be linked to the anchoring 
groups having the carboxylic groups at one end. The carboxylic group can be used to bind the 
porphyrin to the titanium dioxide films. With the possibility of wide variety of porphyrin 
molecules, the derivatives of the porphyrin molecules can be used as sensitizers in dye sensitized 
solar cells.  
1.3 Pentafluorophenylporphyrin 
One of the derivatives of the porphyrin molecule is the pentafluoropheylporphyrin, which in turn 
serves as the starting material for an extensive set of modified porphyrins and related structures. 
In the Chemistry department, University of Connecticut, we have an extensive set of 
pentafluorophenylporphyrin molecules which could be used as sensitizers if we can attach them 
 
Fig. 06. Typical structure of a porphyrin showing the four meso and the eight 
beta positions to be functionalized for porphyrin-sensitized solar cells 
[2] 
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to the titanium dioxide films. Some of the pentafluorophenylporphyrin molecules synthesized in 
Prof. Bruckner’s laboratory in the chemistry department are shown in the figures below. 
 
Fig. 07. 5, 10, 15, 20-Tetrakis(pentafluorophenyl)-2,3-cis-dihydroxychlorins
[7]
 
 
These molecules have the four pentafluorophenyl groups attached to them. A wide variety of 
such molecules with variations in the metal complexes and the structures are available which 
could be used as sensitizers in the dye-sensitized solar cells. For example the ‘M’ in the figure 
above can be replaced by Ni, Pd or Pt. The carboxylic acid functional group is the most 
commonly used anchoring group to bind the dyes the titanium dioxide nanoparticle films 
[8]
. But 
the pentafluorophenylporphyrin molecules do not have the carboxylic group to attach to the TiO2 
film. The main concern for the researchers has been binding of the porphyrin molecules on the 
titanium dioxide films. The nucleophilic substitution of the para-F in a mono-
pentafluorophenylporphyrin could be achieved using the thiol groups in dimethylformaldehyde 
(DMF) at room temperature 
[9]
. 
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Fig. 08. The nucleophilic substitution of the para-F in a mono-pentafluorophenylporphyrin using 
a thiol group 
[9]
 
 
Therefore a molecule with a thiol group on one end and a carboxylic group at the other end 
would be useful in binding the pentafluorophenylporhyrin and derivatives to the TiO2 film. The 
two linker molecules used in the experiments performed were the 3-mercaptopropionic acid 
(HSCH2CH2COOH) and the 4-mercaptobenzoic acid (C7O2H5SH).The idea was that the 
carboxylic group of these linker molecules would bind to the titanium dioxide film and the thiol 
group to the pentafluorophenylporphyrin dye. In this way the dye binding to the TiO2 film could 
be achieved. 
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                                                  Chapter 2: Review of Literature 
Porphyrin dyes can be used as efficient sensitizers because of their light harvesting capability 
and given their efficacy in photosynthesis they have great potential in this regard 
[8]
.A significant 
number of photo-electrochemical cells have been prepared using porphyrins as sensitizers. A 
number of functional groups can be used as anchoring groups such as salicylate, carboxylic acid, 
sulphonic acid and phosphoric acid
 
but carboxylic acid is by far the most common one used due 
to the perfect overlapping of titanium 3d orbital and oxygen p-orbital 
[8]
. Therefor linker 
molecules with carboxylic ends were used to bind the pentafluorophenylporphyrin to the TiO2 
film. In 2012, Qinglong Tan et.al used two dyes comprising of the same donor (porphyrin 
derivative) consisting of 3, 4, 5 tri-methoxybenzaldehyde and acceptor/anchoring group 
(carboxylic group) but varying π-spacer consisting of a Schiff base structure. The two different 
dyes showed two different adsorption behavior and coverage on the TiO2 surface and also 
indicated a decrease in the HUMO-LUMO gap 
[10]
. The use of these dyes in the efficient dye-
sensitized solar cells was useful to test the compounds similar to these compounds in the 
Bruckner’s laboratory 
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In 2007, Wayne M. Campbell et.al used six different porphyrin dyes which gave efficiencies of 
above 5 percent and a photocurrent density of about 14 mA/cm
2
.They demonstrated that the 
variations in cell performances are not due to electronic effects exerted by the benzene ring 
substituents using the similarities in the optoelectrical properties. They used the porphyrin 
molecules with different phenyl rings attached to them 
[5]
. The photosensitizers with free base 
and zinc derivatives of the meso-benzoic acid substituted porphyrin wide band gap solar cells 
like NiO, ZnO and TiO2 have been used 
[5]
. They have an appropriate LUMO level that resides 
above the conduction band of the TiO2 and a HOMO level that lies below the redox couple in the 
electrolyte solution required for charge separation at the solar cell, dye, electrolyte surface 
[5]
. 
The solar cells with 7 to 10 percent efficiency have been obtained using the above cells 
[5]
. This 
shows that the molecules available in the Bruckner’s laboratory which are similar to the 
molecules used above could be useful in producing efficient solar cells. 
In 2011, H.H.Chou et al. synthesized a series of dipolar dyes implanted with pyridine containing 
spacer and solar cell devices were fabricated and tested. The dipolar dyes containing arylamine 
as the electron donor, 2-cyanoacrylic acid as the acceptor, and a conjugated spacer with 
incorporation of 2, 5-pyridyl entity have been synthesized 
[11]
. The photo-to-current conversion 
efficiencies solar cells were in the range of 4.28-5.2% 
[11]
. In 2012, S. Ramkumar et.al 
synthesized and characterized new bi-anchoring donor-p-acceptor (D-π-A) metal-free organic 
dyes based on diphenylamine, carbazole as donor, cyano vinyl biphenyl as a p-linker and cyano 
acrylic acid, rhodanine-3-acetic acid as acceptor 
[12]
. A power conversion efficiency of 2.37%, a 
current density 5.18 mA/cm
2
, and an open circuit voltage of 0.776 V were obtained from the dye 
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sensitized cells 
[12]
. The main feature of these dyes was that they have carboxylic acid groups at 
one end to bind to the TiO2 films. 
In 2012, Gary F. Moore a used certain high-potential porphyrin photoanodes in the dye 
sensitized solar cells. The anodes in the solar cells were bispentafluorophenyl free-base and 
metallo-porphyrin sensitizers bearing the anchoring groups for attachment to metal-oxide 
surfaces including TiO2 and SnO2 nanoparticles 
[13]
. The structures of these molecules were 
similar to the molecules which we wanted to test except they already have the carboxylic acid 
groups on them.  
 
In Jan 2012, Michael A. Hyland et.al synthesized momo- and bis-chromene-annulated meso-
(pentafluorophenyl) chlorins 
[10]
. These molecules are similar to the pentaflourophenylporphyrins 
with variations in the molecular structures. They have good absorbance in the visible region 
wavelengths. These molecules can be used in the dye sensitized solar cells as sensitizers and the 
cells can be tested for efficiency.  In 2010, S. Banerjee et.al converted [meso-tetra-
phenylporphyrinato]Ni(II) compund into corresponding chlorin analogue [2-
methylazeteochlorinato]Ni(II)
[14]
. These compounds may be of interest to be tested in the dye 
sensitized solar cells as they have a structure similar to pentafluorophenylporphyrins. In 2012 G. 
F. Moore et.al used porphyrin photoanodes in photoelectrochemical cells to get significant 
efficiencies 
[15]
. They used three different compounds to attach to the titanium dioxide and 
tinoxide films and prepared dye-sensitized solar cells. The structures were similar to the 
structures in Dr. Bruckner’s laboratory which were used to test dye-sensitized solar cells.  
11 
 
In 2012, P.Wyrebek et .al synthesized pyrazoline-fused chlorins by dipolar (3+2)-cyclo-addition 
of iminonitriles to meso-tetrakis(pentafluorophenyl)porphyrin) to be used a s photosensitizers
[16]
. 
These molecules have been modified and are similar to the pentaflurophenylporphyrin structures 
in the Chemistry department.  
 
 
 
 
 
 
 
 
In 2011, A. Yella et .al used YD2-o-C8 (donor-π-bridge-acceptor zinc porphyrin) molecules as 
the sensitizer and Co
(II/III)
tris(bipyridyl) as the redox electrolyte and made a solar cell with record 
12 percent efficiency
[17]
. The prophyrins have been interesting the researchers from a long time 
and this record efficiency achieved drives us to test more molecules with related structures as 
sensitizers. 
 
 
 
 
 
 
Fig. 09. Figure showing pyrazoline fused chlorine formed from 
pentafluorophenylporphyrin
[16]
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                                              Chapter 3: Experimental Procedures 
3.1 Preparation of dye-sensitized solar cells 
The dye sensitized solar cell consists of anode and a cathode. The fluorine doped glass plates 
were prepared in sizes of 2.5 cm (length) and 2 cm (breadth). The titanium dioxide films were 
prepared by of TiO2 nanoparticle paste (20 nm) purchased from Dyesol. The TiO2 nanoparticle 
paste was diluted using terpineol and well mixed. Then it was spread on the conductive side of 
the glass plate. The film is nicely spread along a small area of the plate to form a uniform film.  
A small round surface of titanium dioxide of a diameter, 0.6 cm is made on the glass plate. The 
film is allowed to dry in the air for about 30 minutes. Then the glass plate is sintered from a 
temperature of 200-500
0
 C over a period of 4 hours. The dye used as a sensitizer in the cell was 
pentafluorophenylporphyrin. The platinum counter electrode was prepared by putting two drops 
of hexachloroplatinic acid solution (5 mM H2PtCl2 in 2-propanol) on another glass plate. The 
heating gun is used and the temperature of the counter electrode is raised to 360
0 
C in 30 
minutes. Two small holes were drilled into the counter electrode. Once the counter electrode is 
made we use the Suryln to seal the anode and the counter electrode. I/I
-
3 (Iodide/tri-iodide) 
system (0.5 M LiI and 0.05 M I2 in MPN) was used an electrolyte. The electrolyte was put into 
the cell through pre-drilled holes. Once it is done the cell is sealed and tested to measure the 
photocurrent. 
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3.2 Linker molecules 
Two linkers (3-mercaptopropionic acid, 4-mercaptobenzoic acid) which have thiol groups at one 
end and the carboxylic group at other end were used to attach the dye to the TiO2 film. A thiol is 
an organo-sulfur compound that contains a carbon-bonded sulfhydryl (–C–SH or R–SH) group 
(where R represents an alkane, alkene, or other carbon-containing group of atoms). Thiols are the 
sulfur analogue of alcohols (that is, sulfur takes the place of oxygen in the hydroxyl group of an 
alcohol). The thiol group attaches to one end of the dye molecule and other end of the linker 
molecule which is the carboxylic group attaches to the titanium dioxide film. The linker 
molecule would act as a mediator for the flow of electrons from the dye molecule to the TiO2 
film. 
 
 
 
 
 
 
 
 
 
 
Fig. 11.The molecular structure of 4-mercaptobenzoic 
acid is shown above. The molecular weight is 154.The 
molecular formula is C7O2H5SH 
 
 
 
Fig. 10.The molecular structure of 3-mercaptopropionic 
acid is shown above. The molecular weight is 
106.14.The molecular formula is HSCH2CH2COOH 
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3.3 Preparation of titanium dioxide films by layer by layer deposition 
The TiO2 films were prepared using layer by layer deposition method to observe if films with 
less thickness would be efficient to attach the dye molecules to the TiO2 nanoparticles. TiO2 
nanoparticles (2 g/L colloidal TiO2) were made through hydrolysis of titanium isopropoxide 
followed by peptization. The colloidal solution was autoclaved for 12 hours at 250°C and then 
dispersed with a 200 W ultrasonic titanium probe. The resulting colloidal solution was 
concentrated with a rotary-evaporator and was washed with pure water. The polymer solution 
(polydiallyl dimethylammoniumchloride, 70kDa, Aldrich) with concentration of 1 g/L in water 
was used to immerse the colloidal solution obtained. All solutions contained 5 mM triethylamine 
(resulting in a pH near 11) to maintain negative particle surface charge. For deposition on bare 
fluorine doped tin oxide, the dipping time in the TiO2 suspension was 5 minutes. The dipping 
cycles were carried out using an automated device (DR-3, Riegler and Kirstein GmbH). Layer by 
layer deposition was followed by sintering at 500°C to remove polymer layers form the TiO2 
films. 
 
 
Fig. 12.The molecular structure of 
pentafluorophenylporphyrin is shown. 
The molecular weight is 976. 
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3.4 Abderhalden instrument  
Instrument used to maintain the temperature of the reactants has been shown below. The solvents 
when placed in this instrument can be maintained at their boiling points. 
 
                
 
 
 
 
 
 
3.5 Electric setup 
 
 
 
 
                                                                     
 
                                                  C 
 
Fig. 13.The Abderhalden instrument used to maintain the temperature of the dye 
solution 
 
 
 
Fig. 14.The setup used to attach the pentafluorophenylporphyrin dye to the TiO2 
film. The heat is provided inside the instrument by electric power outside the 
instrument. 
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                                                   Chapter 4: Results and Analysis 
4.1 Route One  
There are two possible routes of attaching the dye to the TiO2 film. First attach the linker to the 
TiO2 film and then add a drop of dye on the film so that the dye molecules attach to the film 
through the linker molecules (route one). 
 
 
 
 
 
 
 
 
 
4.2 Route two 
The second route is attaching the linker molecules to the dye molecules first and then attaching 
the dye molecules to the TiO2 film through the linker molecules. 
 
 
 
 
 
1. TiO2
                 
→                 TiO2+ (3-MPA or 4-MBA) 
 
2. TiO2+ (3-MPA or 4MBA)
                                    
→                            TiO2 + (3-MPA 
or 4-MBA) + Dye 
 
Fig.15. Figure showing the route one of attaching the dye to the TiO2 film. In the 
first step, linker molecules are attached to the TiO2 film by suspending the glass 
plates with TiO2 films in the linker solution. In the second step the dye molecules 
are attached to the TiO2 film through the linker molecules by placing the dye 
solution on the Tio2 films obtained from step one. 
17 
 
 
 
 
 
 
 
 
 
 
 
4.3 Experiment for route one 
4.3.1 Experiment using toluene as a solvent for linker molecules and DMF for dye molecules 
The pentafluorophenylporphyrin (C44H10F20N4) dye was used in the solar cell as a sensitizer. 
Toluene was used as a solvent to dissolve the 3-mercaptopropionic acid and 4-mercaptobenzoic 
acid molecules. The concentrations of 3-mercaptopropionic acid and 4-mercaptobenzoic acid in 
the solutions were 10 mM. The pentafluorophenylporphyrin dye was dissolved in dimethyl-
formaldehyde solvent. The molarity of the dye solution was 0.01 mM. The glass plates with 
doctor bladed TiO2 films were suspended in the three solutions (toluene, 3-mercaptopropionic 
acid, 4-mercaptobenzoic acid) in a small glass vial and sealed for 12 hours. After 12 hours a few 
drops of dye solution dissolved in dimethylformaldehyde were spotted on each of the TiO2 
films. The films were suspended in the dye solution for about one day. Then they were rinsed 
with toluene and ethyl alcohol to remove any physically absorbed molecules on the TiO2 film. 
1. (3-MPA or 4-MBA)+ Dye
                  
→                 3-MPA or 4-MBA attached to 
dye 
 
2. 3-MPA or 4-MBA attached to dye+ TiO2 film
                
→              Dye 
molecules attached to TiO2 film 
 
Fig.16. Figure showing the route two of attaching the dye molecules to the TiO2 
film. In the first step the linker molecules are reacted with dye molecules by 
refluxing reaction. Then in the second step the dye molecules are attached to the 
TiO2 film through the linker molecules. 
18 
 
Ultraviolet visible spectroscopy is taken and analyzed to see whether the dye molecule linked 
toTiO2 film. The spectroscopy does not show a significant peak at specified wavelengths. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 This shows the dye is not attached chemically to the linker molecule or the linker is not attached 
to the TiO2 film. The 0.005mM dye solution in tetra-hydro-furan and 0.1mM 3-MPA solutions in 
tetrahydrofuran is allowed to react for one day to observe if the dye attaches to the linker 
molecules. Similarly the 4-MBA linker molecules are also allowed to react with the dye. Then 
         
Fig. 17.UV visible spectrum of plate two 
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Fig. 18.UV visible spectrum of plate three 
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the UV-visible spectroscopy of the solution is taken to see whether the linker molecules attach to 
the dye molecules. The result did not show substantial evidence that the dye attaches to the linker 
molecules. Therefore thin layer chromatography was performed to observe whether the linker 
molecule attaches to the dye molecule. Thin layer chromatography (TLC) is a chromatography 
technique which works on the principle of polarity and is used to observe whether new 
compounds are formed in the reaction. The more polar (dye+4-mercaptobenzoic acid) compound 
was not carried along with the solvent (toluene) to a large extent on the thin layer 
chromatography plate. The dark spot which was the dye molecule was carried much greater 
extent on the silica sheet. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.19. UV-Visible spectrum of the linker and dye solutions 
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4.3.2 Experiment with Abderhalden instrument 
TiO2 films on FTO doped glass plates using layer by layer deposition (8 layer method) have been 
prepared. Two types of linker solutions were prepared 0.012 M 3-mercaptopropionic acid linker 
in 9 ml dimethylformaldehyde and 0.122 M pure 3-mercaptopropionic acid linker solution. Two 
separate TiO2 films which are prepared by doctor blading technique were placed in linker 
solution for two days and the dye molecules were allowed to attach to them. The linker solutions 
with two different concentrations were used for the two different titanium dioxide films. A 3ml 
solution of 2:1(dimethylformaldehyde:triethylamine) solution has been prepared and 2 mg of 
pentafluorophenylporphyrin was added to it. The boiling point of the azeotrope solution was 
determined to be 970 C. The reaction was maintained below 970 C so that the solvent does not 
evaporate. The glass plate with the doctor bladed TiO2 film on it was placed in a small vial and 
two drops of pentafluorophenylporphyrin dye solution was spotted on it. The bottle neck of the 
vial was closed and the vial was kept in Abderhalden instrument in which the temperature of the 
dye solution is maintained below 970 C. 
The reaction was carried out for about 90 minutes and the TiO2 film on the glass plate was 
observed to see whether the dye molecules were attached to the TiO2 nanoparticle film. 
 
  
 
 
  
Fig. 20. Comparison of the spectrum of dye solution and the dye on the TiO2 film  
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4.3.3 Experiment using an electric setup 
As there was no sufficient indication that the dye molecules attached to the TiO2 film using the 
Abderhalden instrument. Further experiments using a new setup temperature were performed. 
The 60 mM linker solution was prepared using dimethyl-formaldehyde as solvent. The TiO2 
films were placed in linker solution (3-mercaptopropionic acid) for two days to attach the 
molecules to the nanoparticles. A solution of pentafluorophenylporphyrin with a concentration of 
0.7 M is prepared using 2:1 (dimethylformaldehyde:triethylamine) as the solvent. The reaction 
was setup at a 900C which is boiling point of solvent mixture. Two drops of dye solution are 
taken and spotted on the TiO2 film that was earlier dipped in the linker solution. The glass plate 
with TiO2 film is placed on aluminium foil and placed in the new setup and heat is provided. The 
reaction is allowed to take place for about 40 minutes at 850C
 
to observe if the dye attaches to the 
film. UV-visible spectroscopy of the film was taken after 40 minutes. 
The UV-visible spectroscopy showed a small peak at around 400 nm which can be compared to 
the peak of the dye dissolved in dimethylformaldehyde solution. 
 
 
 
 
 
 
 
Fig. 21. The UV-Visible spectroscopy of dye on TiO2 film using the new setup 
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The temperature of the reaction is increased to 90
0
C from 85
0
C observe if the dye attaches to the 
TiO2 film at a higher temperature. The glass plate with the TiO2 film was placed in the linker 
solution (60 mM) for one day. The linker molecules were allowed to bind to the titanium dioxide 
film. The reaction is carried out in the same setup which is shown above. The UV-visible 
spectroscopy of the dye molecules is taken after 40 minute reaction time.  
 
 
 
 
 
 
 
The reaction was also performed using the TiO2 film placed in the linker solution (60 mM) 
solution for one day. The temperature of the dye solution is maintained at 90
0
C and the reaction 
time is increased to 90 minutes. The UV-visible spectroscopy of the TiO2 film after the reaction 
has been performed was taken. 
 
 
 
 
Fig. 22.The UV-visible spectroscopy of the dye on TiO2 film by increasing the 
temperature of the reaction to 90
0
 C and keeping the reaction time same (40 minutes) 
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4.3.4 Experiment with electric setup and layer by layer deposited TiO2 films 
The TiO2 films were prepared using the 10 film layer by layer deposition method. The TiO2 film 
was suspended in the 60 mM (dimethylformaldehyde+3-mercaptopropionic acid) solution for 6 
hours. After taking the film out it were rinsed with ethanol to remove physical the absorbed 
linker molecules. The 0.7 M dye solution is prepared using 2:1(dimethylformaldehyde: 
triethylamine) as the solvent. 
 
Fig. 24.The experimental setup for attaching the dye on the TiO2 film 
 
Fig. 23.UV-visible spectrum of the dye on the TiO2 film by maintaining the temperature 
to 90
0
 C for reaction and increasing the time to 90 minutes 
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The glass plate with the TiO2 film was placed inside the setup and heat was provided. The 
temperature inside the setup was maintained below 90
0
C which is the boiling point of the 
azeotrope solvent solution UV-visible spectroscopy of the film was taken after one hour. 
 
 
 
 
 
 
 
 
 
  
 
4.3.5 Dye sensitized solar cells performance 
Freshly prepared TiO2 doctor bladed films were coated on the glass plates. Clear and uniform 
films were obtained on the glass plate. The 60 mM linker solution was prepared using 
dimethylformaldehyde as the solvent. The TiO2 films were placed in linker solution for one day. 
2 mM dye solution was prepared using 2:1 (dimethylformaldehyde: triethylamine) as the solvent. 
The reaction mixture is maintained at 880 C, boiling point of solvent. Two drops of dye solution 
are taken and put on the TiO2 film that was earlier dipped in the linker solution. The glass plate 
with TiO2 film is placed on an aluminum foil and placed into the new setup, heat is provided for 
90 minutes. The reaction is allowed for about 90 minutes at 880 C
 
so that the dye attaches to the 
film. UV-visible spectroscopy of the film was taken after 90 minutes. 
 
Fig. 25.The UV-visible spectrum of the TiO2 film with the dye attached to it 
0
0.5
1
1.5
2
2.5
350 400 450 500 550 600 650 700 750 800
A
b
so
rb
a
n
ce
 
Wavelength(nm) 
TiO2 film with dye
Dye Solution
25 
 
 
 
 
 
 
 
 
 
 
 
The dye sensitized solar cells were prepared using the glass plate with the TiO2 film to which the 
dye molecules were attached as the anode.  
 
 
 
 
 
 
 
 
Fig. 26. UV-visible spectrum of the TiO2 film with the dye molecules attached to it 
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Fig. 27. The dye sensitized solar cells prepared with using the glass 
plates with TiO2 films having pentafluorophenylporphyrin dyes on 
them as the counter electrodes  
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The short circuit current and the open circuit voltage were low for this cell. The current density 
for the cells was 0.055mA/cm
2
.  
 
 
 
 
 
 
 
 
Fig. 28.The voltage and current characteristics of the dye sensitized solar cell 
prepared using the pentafluoropehnylporphyrin as the sensitizer  
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4.4 Experiment for Route two 
4.4.1 Experiment with 3-MPA(3-mercaptopropionic acid) linker molecule 
 As the solar cells require a good amount of the sensitizers to absorb the sunlight and inject an 
electron into the TiO2 film more films with adsorbed dye on them have been prepared. A 2 mM 
dye solution was prepared using 2:1(dimethylformaldehyde: triethylamine) as the solvent. The 3-
MPA linker solution was added to the dye solution. The concentration of the linker in the 
solution was 8 mM. The refluxing reaction was carried out and the thin layer chromatography 
was carried out until the starting material was utilized completely.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 29. The molecular weights of different compounds formed when the dye molecules 
react with the 3-mercaptopropionic acid linker molecules 
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The compound formed with the molecular weight of 1317 was observed in the solution using the 
mass spectroscopy. The mass spectroscopy of the solution which consisted of the dye molecules 
reacting with the 3-mercaptopropionic acid showed high peaks at the molecular weight 1318 
which is equal to the pentafluoropehylporphyrin molecule with four linker molecules attached to 
it. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 30. The mass spectroscopy of the solution having the dye molecules reacting with 
the 3-mercaptopropionic acid linker molecules 
 
 
 
 
 
 
 
Fig23. The mass spectroscopy of the solution having the dye molecules reacting 
with the 3-mercaptopropionic acid linker molecules 
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The solvents (dimethylformaldehyde and triethylamine) in the solution were evaporated and the 
compound has been extracted using the rotary evaporator apparatus. 
 
 
 
 
 
 
 
 
Freshly prepared TiO2 doctor bladed films were coated on the glass plates. Clear and uniform 
films were obtained on the glass plate. 0.1 mM of the obtained dye solution was prepared using 
(10% ethanol in dichloromethane) as the solvent. The TiO2 films were placed in dye solution for 
12hours at room temperature. UV-Visible spectroscopy of the TiO2 films which were placed in 
the newly formed dye compound solution was taken after subtracting the values for the TiO2 film 
without any dye on it. 
 
 
 
 
 
 
Fig. 31. UV-visible spectroscopy of the dye compound dissolved in dichloromethane 
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Increasing the concentration of the newly formed dye compound in the solution did not increase 
the absorbance of the dye on the TiO2 film. 
4.4.2 Experiment with 4-MBA(4-mercaptobenzoic acid) linker molecules 
A dye molecule which has four 4-MBA molecules attached to pentafluorophenylporphyrin has 
been prepared. Assuming one equivalent of dye reacts with four equivalents 4-mercaptobenzoic 
acid of  1.1 mM dye solution was prepared using 2:1(DMF: triethylamine) as the solvent 6.35 mg 
of 4-mercapto benzoic acid was added to the solution and refluxing reaction was performed. The 
concentration of the 4-mercaptobenzoic acid in the solution was 4.5 mM. Thin layer 
chromatography was performed until the starting material is completely utilized.  
 
 
 
 
Fig. 32.The UV-Visible spectrum of TiO2 film with newly formed dye compound 
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Mass spectroscopy was performed on the solution of the dye and the linker molecules to observe 
the products formed after 3 hours. After that the solvents were evaporated using rotary 
evaporator and the dye molecule was extracted. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 33. The molecular structure of the four compounds formed when the dye 
molecules react with different number of 4-mercapto benzoic acid molecules 
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The molecular weights of the different dye molecules attached to different number of dye 
molecules formed were compared to the molecular weights of the compounds in the solution 
using the mass spectroscopy. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 34. The mass spectroscopy of the solution having the dye molecules reacting with the 4-
mercapto benzoic acid linker molecules 
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0.33mM solution of newly formed dye compound formed is prepared using 10% ethanol 
dissolved in dichloromethane as the solvent. The glass plates with TiO2
  
 films were placed in the 
dye solution for one day and observed if the dye molecules attach to the TiO2 film. The UV-
visible spectroscopy of the dye on the TiO2 film was taken after it is removed from the dye 
solution. The physically adsorbed dye molecules were removed from the surface of the TiO2 film 
by rinsing it with dichloromethane. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 35. The UV-visible spectrum of the TiO2 film and the TiO2 film with dye 
adsorbed on it 
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The UV-visible spectrum of the dye on the TiO2 film was taken by subtracting the values for the TiO2 
film without the dye on it. 
 
 
 
 
 
 
 
 
 
 
4.4.3 Dye sensitized solar cell performance  
 
 
 
 
 
 
 
 
 
Fig. 36. The UV-visible spectrum of the TiO2 film with dye attached on it 
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Fig. 37. The current and Voltage graph for dye sensitized solar cells 
prepared with the glass plate with TiO2 (dye attached) as the photoanode 
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The dye-sensitized solar cell was prepared using the glass plate with TiO2 film and dye attached 
to it.  The short circuit current and the open circuit voltage were low for this cell. The current 
density for the cell was measured to be 0.093 mA/cm
2
. 
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                                                  Chapter 5:   Discussion 
The initial experiments when the glass plates with the TiO2 films were placed in the linker 
solutions and a small spot of dye solution was placed on it the UV-visible spectroscopy did not 
show substantial evidence that the dye molecules attach to the TiO2 film. There may be two 
reasons for this. The dye is not attached chemically to the linker molecule or the linker is not 
attached to the TiO2 film. The change of the solvent to dissolve the dye molecules did not affect 
the attachment of the dye to the TiO2 film. The thin layer chromatography showed that the linker 
molecules react with the dye molecules. There are two ways to attach the dye molecules to the 
TiO2 film. First route is to carry on the reaction between linker molecules and dye molecules and 
then attaching the carboxylic end of the linker to the TiO2 film. The second route is to use the 
linker molecules as the anchoring groups and attach them to the TiO2 film and later attaching the 
dye molecules to the TiO2 film. The experiments with attachment of the dye molecules using the 
route two did not show any substantial evidence that the dye molecules attach to the dye 
molecules. The UV-visible spectroscopy graph shows a small peak at the same wavelength as the 
dye molecules dissolved in a solvent indicating that amount of dye molecules stick to the films is 
very low. The 100% linker solution (3-mercaptopropionic acid) and 10% linker solution did not 
show much difference in attaching the dye molecules. Therefore the dye molecules are not 
attached significantly to the TiO2 films when the 3-mercapto propionic acid and 4-benzoic acid 
are used as the linker groups. Further experiments were performed increasing the temperature 
and using various new setups. A dye solution was prepared using 2:1(dimethylformaldehyde: 
triethylamine) as a solvent. The temperature of the reaction was maintained at 900 C boiling 
point of the solvent using a new setup .The UV-visible spectroscopy was taken to observe 
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whether the attachment dye molecules to the TiO2 film. The graph showed a small peak at a 
specific wavelength which is comparable to the wavelength of the dye in dichloromethane 
solvent (extinction coefficient is 4.4×105 cm-1M-1). But the absorbance of the TiO2 film with dye 
on it was not very low.  
In further experiments, doctor bladed TiO2films were prepared and the dipped in linker solutions 
and the dye solution was spotted on them. When the TiO2 films with dye molecules on it were 
used as the photo-anodes in the dye-sensitized solar cells the photocurrent produced was low and 
not significant. The efficiency was low for these cells. 
The dye absorbed on the TiO2 films showed peaks which had the low absorbance values. 
Therefore the new compound which is pentafluorophenylprophyrin attached to 4-
mercaptobenzoic acid was prepared using the refluxing reaction. When the UV-visible 
spectroscopy of the TiO2 films was taken it showed significant absorbance at specific 
wavelengths of the pentafluorophenylporphyrin dye. The dye molecules can be attached to the 
nanoparticle films using this method efficiently.  When the dye-sensitized solar cell was prepared 
using them as the photoanode the photocurrents and the current density were significantly low.  
The dye may not be injecting the electrons into the TiO2 film or the linker molecule (4-mercapto 
benzoic acid) and not able to transfer the electrons from the dye to the TiO2 film. The dye 
regeneration can also be a problem where the electrons are not being transported from the 
electrolyte to the dye due to the less energy band gap difference between the dye and the 
electrolyte. Using a different electrolyte in the place of Iodide/triiodide system can be useful in 
solving the regeneration problem. 
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If the electron injection from the dye to the TiO2 is a problem, the band gap differences between 
the dye and the TiO2 nanoparticles would be a factor.  
 
 
 
 
 
 
 
 
 
 
 
Tin oxide films can be used in the place to titanium dioxide films in future to see if the electron 
injection is good in the tin oxide nanoparticle photo-anodes. As the conduction band energy level 
in the tin oxide nanoparticles is lower than that of titanium dioxide nanoparticles the electrons 
may be injected from the dye to the tin oxide more efficiently.       
 
 
Fig. 38. The energy band-gaps of various semiconductors 
[18]
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The energy level diagram for the dye sensitized solar cell shows that the electron injection should 
be good for high efficiency of the cells. The tin oxide nanoparticle films which have a lower 
conduction band energy level can be used in the cells to have more efficiency. 
 
 
 
 
 
 
Fig. 39. The electron transfer processes and the energy levels in a DSSC 
[19] 
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                                                     Chapter 6:  Conclusions 
The route one (attaching the dye to the linker first and then attaching the new molecules to the 
TiO2 film) is an efficient way of attaching the dye to the TiO2 film. The 4-mercaptobenzoic acid 
molecule can be used as an efficient molecule to attach the pentafluoroporphyrin dye compound 
to the TiO2 nanoparticle film. New pentafluorophenylporphyrin dye compound with the linker 
molecules attached to it have been produced and adsorbed onto the TiO2 films. The UV-visible 
spectroscopy showed good absorbance (0.5) for these films at specific wavelengths comparable 
to the peaks of the pentafluorophenylporhyrin dye compound in dichloromethane solvent. The 
current density obtained for the dye sensitized solar cells prepared using the TiO2 films with 
pentafluorophenylporphyrin as the sensitizer was 0.097mA/cm2. If the electron injection from 
the dye molecules to the TiO2 film is a problem, future work can address this using tin oxide 
films which have a lower conduction band energy level than the titanium dioxide films. 
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